Organochlorine pesticides are ubiquitously present in the environment and suspected of carcinogenic, neurological and immunological effects. Our objective was to identify determinants of adipose tissue levels of organochlorine pesticides experienced by a general Danish population. Adipose tissue was collected upon enrolment of 245 randomly selected persons from a prospective cohort of 57,053 persons enrolled between 1993 and 1997. We examined geography, gender, age, lactation, body mass index (BMI) and intake of nine dietary groups and tap water drinks, as potential determinants of dichlorodiphenyltrichloroethane (DDT), dichlorodiphenyldichloroethylene, hexachlorocyclohexane, dieldrin, hexachlorobenzene, cis-nonachlor, transnonachlor and oxychlordane. Living in Copenhagen city and age at enrolment showed positive associations with all compounds. BMI was positively associated with all compounds except cis-nonachlor. Fatty-fish consumption showed positive associations with cis-nonachlor, trans-nonachlor, DDT and dieldrin and fruit and vegetables were inversely associated with dieldrin. Determinant estimates of trans-nonachlor were similar to estimates of total chlordanes while cis-nonachlor and oxychlordane seemed to differ. This is one of the first studies of organochlorine pesticides predictors in adipose tissue and contributes to the ongoing debate about exposure sources of these compounds. Single determinants varied among the individual compounds, even within related chlordane residues, suggesting that organochlorine pesticides should not be treated as a homogenous group.
Introduction
Persistent and lipid-soluble organochlorine pesticides such as dichlorodiphenyltrichloroethane (DDT) are ubiquitously present as a complex mixture of mother compounds and metabolites in the environment. DDT was introduced in the 1940s and was one of the most widely used chemicals for controlling pests that are detrimental to agricultural crops and carry diseases such as malaria and typhus. In Denmark, DDT was restricted in 1969 and totally banned in 1986, but 4520 metric tonnes of DDT have been sold in Denmark alone (Amternes Videncenter for Jordforurening. Copenhagen, 1988) . DDT has a half-life of 7 years (Woodruff et al., 1994) , so exposure is probably limited in countries such as Denmark. One of the primary metabolites of DDT is dichlorodiphenyldichloroethylene (DDE), which is of more concern as it is rarely excreted from the body (ATSDR, 1992) , and is detected in human blood and adipose tissue at much higher levels than DDT (Longnecker et al., 1997; Jaga and Dharmani, 2003) .
The chlorinated pesticides hexachlorobenzene (HCB), hexachlorohexane (HCH), chlordane and dieldrin have been less extensively used in Denmark. But even though these compounds have been banned in Denmark for decades, their previous extensive worldwide application, continued use in developing countries and environmental persistence has resulted in continued redistribution in the environment (Barber et al., 2005) . These compounds still contaminate the food chain which has resulted in high concentrations in meat, milk and fish (Ahlborg et al., 1995; Longnecker et al., 1997; WHO, 2003; Darnerud et al., 2006; McGraw and Waller, 2009) . Residues have also been found in fruit, vegetables and cereals that have come into contact with contaminated soils (Tao et al., 2005) .
Organochlorine pesticides are carcinogenic in animals (International Agency for Research on Cancer, 1987) and the immunotoxicity of selected organochlorine pesticides has been documented in vitro (Bilrha et al., 2003) , in ovo (Lavoie and Grasman, 2007) , as well as in animals (Bernhoft et al., 2000) and in human fetal, neonatal and infant immune systems (Repetto and Baliga, 1997; Dewailly et al., 2000; Heilmann et al., 2006) . Concern about organochlorine pesticides as risk factors for cancer has prompted research into determinants of blood levels and adipose tissue concentrations of these compounds in the general population and a growing number of epidemiological studies have investigated blood or adipose levels of organochlorine pesticides and their metabolites in association with cancer, neurodevelopmental effects, immunotoxicity and reproductive outcomes (Longnecker et al., 1997; WHO, 2003) . We recently investigated associations between non-Hodgkin's lymphoma risk and organochlorines, and when we considered specific chlordane residues we found indications of residue-specific effects (Bra¨uner et al., 2011b) . When studying determinants of chlordane, all the compound residues are often treated as a homogenous group, though the behaviour of the residues depends on their specific configuration. For example, oxychlordane is characterised by higher lipid solubility, environmental persistence and bioaccumulation than cis-and trans-nonachlor and much lower water solubility and volatility (Scientific Panel on Contaminants in the Food Chain, 2007). Thus, determinants of specific chlordane residues may vary; but information is scarce.
Here, we report the determinants of adipose tissue concentrations of three chlordane residues, four chlorinated pesticides and the metabolite DDE experienced by a general Danish population. We also report on the differences between the determinants of chlordane residues. We selected nondietary variables previously associated with organochlorine pesticide concentration such as gender, age, body mass index (BMI) and breast feeding and explored associations with nine dietary variables and tap water.
Materials and methods
A case-cohort study was previously conducted to determine risk factors of non-Hodgkin's lymphoma (Bra¨uner et al., 2011b) . The study was based on the prospective Diet, Cancer and Health cohort consisting of 57,053 participant enrolled in 1993 (Tjnneland et al., 2007 . A total of 239 cases and 245 gender matched subcohort members were included. Our analyses of determinants of organochlorine pesticides were based on the 245 random subcohort members.
Upon enrolment, staff members in the study clinics took an adipose tissue biopsy from the buttock of each participant and self-administered questionnaires that included questions on dietary habits, health status and lifestyle habits were completed (Frank, 2000) . The food frequency questionnaire included 192 food items. The dietary questions were designed to collect information about dietary habits, and a description of the development and validation of this questionnaire has previously been published (Tjnneland et al., 1991) . Participants were asked how often on average they had consumed the different types of foods during the preceding 12 months. The frequency of consumption was categorised into 12 groups ranging from never to 8 or more times a day. A mean daily intake of foods (g/day) was calculated by multiplying the frequencies of intake by a gender-specific portion size using the software Foodcalc version 1.3 (Lauritsen, 2004) .
The regional ethics committee for human studies in Copenhagen and Aarhus approved the study.
Organochlorine Pesticide Analyses
The organochlorine pesticides measured were cis-nonachlor, trans-nonachlor, oxychlordane, DDT, DDE, HCH, dieldrin and HCB. Samples were analysed at the Centre de Toxicologie du Que´bec, Institut National de Sante´Publique du Que´bec. Methods have previously been described (Bra¨uner et al., 2011b) and are provided in online Supplementary information.
Statistical Methods
Potential determinants of the organochlorine pesticides were analysed by generalised linear models using the GLM procedure of SAS (version 9.1; SAS Institute, Cary, NC, USA). Organochlorine pesticide levels below the limit of detection (LOD) were not considered for further analyses. These were excluded rather than assigned a value based on the LOD, as the LOD varied substantially between samples due to different lipid content. The residuals of the organochlorine pesticide models were randomly distributed after each pesticide was transformed by the natural logarithm.
The explanatory variables used in all models were geographical area, gender, age at time of clinic visit, total lifetime duration of lactation, BMI and the daily intake of fruits, vegetables, cereals, red meat, poultry, fish, dairy products, eggs and tap water drinks. The intake of fish was categorised according to fat content, as lipophilic organochlorine pesticides accumulate in fatty tissue of fish, and thus consumption of fish with a high fat content is probably a stronger predictor of organochlorine pesticides in humans than total fish consumption.
The following approaches were used: (i) univariate regression analyses, where each explanatory variable was included individually in the model and (ii) a multiple regression approach, including all explanatory variables with mutual adjustment.
Results
The baseline characteristics, daily intake of major dietary groups and lipid adjusted concentration (mg/kg) of the organochlorine pesticides in adipose tissue of the study population at enrolment are presented in Table 1 . Fruit, vegetables, cereals and dairy products were the food groups consumed in the largest amounts. With regards to geographical area, 59, 114 and 72 of the participants lived in Copenhagen, suburban Copenhagen and Aarhus area, respectively. When considering the chlordane residues, the trans-nonachlor isomer was present in highest concentrations representing 52% of the total sum of the measured chlordane. The concentrations of cis-nonachlor were slightly lower among women than men. The organochlorine pesticides were quantified in the majority of adipose tissue samples for trans-nonachlor, DDE, HCH, and HCB and in B60% of the samples for cis-nonachlor, oxychlordane, DDT and dieldrin (Table 1) .
Results of the multivariate models for the sum of chlordane and the individual chlordane residues are shown in Table 2 . Living in the Aarhus area was associated with lower adipose levels of all individual chlordane residues compared with living in Copenhagen. Lactation seemed to be inversely associated with all residues, while age and consumption of lean and fatty fish were positively associated. Fatty-fish consumption was significantly associated with cisnonachlor and trans-nonachlor, but not with oxychlordane. The estimates obtained for the sum of chlordane residues were mostly in agreement (magnitude, direction and significance) with the estimates obtained from trans-nonachlor but differed from the estimates obtained from cisnonachlor and oxychlordane for several of the determinants (Table 2 ). For example, BMI was positively associated with total chlordane residues and trans-nonachlor, but although the association with cis-nonachlor was positive, this did not seem important.
Results of the multivariate models for DDT, DDE, HCH, dieldrin and HCB are shown in Table 3 . In accordance with Percentage (%) difference in mean organochlorine pesticide concentrations according to each given increment in the determinant variable, for example, a % difference of 1.23 for age is interpreted as a 1.23% increase in DDT concentration per year of age. For the class variables (geographical area and gender), the value reflects difference according to the reference group.
Predictors of organochlorine pesticides
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the results found for chlordane residues, age and BMI were positively associated with all five compounds and living in the Aarhus area was associated with lower adipose levels compared with living in Copenhagen. None of the dietary variables studied were important determinants of DDE, HCH and HCB, while fatty-fish intake was positively associated with DDT and fruit and vegetable intake had an inverse association with dieldrin. The effect estimates for most of the covariates shown in Tables 2 and 3 were similar to those found in univariate models in which each explanatory variable was entered alone (Tables SI2 and SI3 , Supplementary information). Exceptions were the consumption of red meat and fish with a medium fat content, for example, for dieldrin, these estimates in the univariate model were À1.58 (95% CI: À18.1;18.2) and 20.9 (95% CI: À10.7;63.8), respectively.
The multivariate models, respectively, explained 28, 31, 39, 26, 24, 19, 31, 22 and 28% of the variation in the concentration of cis-nonachlor, trans-nonachlor, oxychlordane, sum of chlordane residues, DDT, DDE, HCH, dieldrin and HCB. Place of residence was important and explained up to 46% of the above variations.
Discussion
Living in Copenhagen city and age at time of enrolment showed positive associations with all organochlorine pesticides. BMI seemed to be positively associated with all compounds except cis-nonachlor. The consumption of fatty fish showed positive associations with cis-nonachlor, transnonachlor, DDT and dieldrin and the consumption of fruit and vegetables was inversely associated with dieldrin. For many of the covariates, estimates of trans-nonachlor were similar to estimates of total chlordanes while cis-nonachlor and oxychlordane seemed to differ.
Similarly to one previous study, we found that transnonachlor was present in higher concentrations than the two other chlordane residues (Glynn et al., 2003) , possibly reflecting slower human metabolism of trans-nonachlor or a higher external exposure to this compound. Trans-nonachlor represented 450% of the total sum of chlordane residues in this study, probably explaining why it dominates the estimates for the determinants of the total sum of all chlordanes.
The estimates of DDT and its metabolite, DDE, were similar, with the exception of age at enrolment, which was an important predictor of DDE but not of DDT. In Denmark, DDT was restricted in 1969 and banned in 1986. In this study, adipose tissue was sampled in 1993-1997, which is up to 28 years (4 half-lives; Woodruff et al., 1994) after the restriction of DDT. Thus, exposure to DDT is probably limited in this cohort, explaining why it does not bioaccumulate with age. DDE, the primary metabolite of DDT, is rarely excreted from the body (ATSDR, 1992) ; thus, the reverse effect we see for the association between age and DDE may be explained by the fact that DDE levels increase when DDT is metabolised.
Geography accounted for a large proportion of the total variation in our models and we found that people living in the Aarhus area of Denmark had lower levels of adipose organochlorine pesticide concentrations than people living in Copenhagen, while those in the suburban Copenhagen had intermediate levels. One study has previously investigated geographical variations in chlordane residue concentrations in non-occupationally exposed Swedish persons (Glynn et al., 2003) and they reported an increasing southnorth gradient for oxychlordane but no variation for transnonachlor. Another study reported regional differences in DDE concentrations in serum collected from American women, such that nurses in California had higher levels of DDE than those living in large Midwest and Northeast cities (Laden et al., 1999) . However, these two studies covered larger geographical areas than the present study, and did not report differences between rural of suburban areas. We have no specific explanation for the regional differences we observe in our study, but since these compounds have never been produced in Denmark, and since their use has been banned for decades, the regional difference we find may be due to long-range transport and differences in local environmental contamination.
Levels were highest among the oldest participants in our study, which is a common finding (Laden et al., 1999; Glynn et al., 2003; Vaclavik et al., 2006) and probably due to the longer period of exposure to bioaccumulating organochlorine pesticides. Environmental concentrations of organochlorine pesticides during the 1960s and 1970s were also higher than they are today, leading to much higher body burdens in older people. An independent age effect through an age-related reduction in elimination capacity has also been reported (Ahlborg et al., 1995) .
High lifetime lactation was associated with the three chlordane residues, this is well established for many organochlorine pesticides as lactation mobilises body stores of fat, thus reducing body burden (Moysich et al., 2002) .
The role of BMI on organochlorine pesticide levels is unclear and we found that BMI was positively associated with all the organochlorine pesticides in this study, except cis-nonachlor. BMI is considered as a measure of body adiposity. A positive association such as that we found could be expected if persons with high adiposity consumed more organochlorine pesticide-contaminated foods.
We found that consumption of fish with high fat content was positively associated with cis-nonachlor, trans-nonachlor, DDT and dieldrin, but not with the other chlorinated compounds studied, among them the DDT metabolite, DDE, even though they are lipophilic (McGraw and Waller, 2009 ). In corroboration with our results, no significant associations between fish consumption and DDE concentrations in adipose tissue or plasma/serum were found in other studies in Europe and North America (Laden et al., 1999; Glynn et al., 2003; Vaclavik et al., 2006) . These results suggest that the consumption of organochlorine pesticidecontaminated fatty fish has a larger impact on the body burden of dieldrin, cis-nonachlor and trans-nonachlor than on the body burden of other chlorinated compounds. Our finding of either similar or higher estimates of lean fish compared with fatty fish for all three chlordane residues warrants further investigation as no previous studies have investigated this.
The consumption of fruit and vegetables was inversely associated with dieldrin in this study, which is in contrast to one previous study of a rural US community where root vegetables were in direct contact with contaminated soils (Stehr-Green et al., 1988) , that reported a positive association between root vegetables and serum concentrations of trans-nonachlor and oxychlordane. More studies may be warranted and our result may also be attributed to chance.
A major strength of our study is that we determine the concentrations of organochlorine pesticides in adipose tissue, which is the principal storage medium for lipophilic compounds in the human body (Anderson, 1985) . We would, therefore, expect concentrations measured in adipose tissue to be the best estimate of body burden (Stellman et al., 1998; Quintana et al., 2004) and more relevant than blood measures which fluctuate with time. Many previous predictor studies have used blood samples and it has been argued that the equilibrium between organochlorines in adipose tissue and blood lipids is rapidly established. However, correlation studies of organochlorines in serum/plasma and adipose tissue show mixed results. The correlations between serum/ plasma and adipose tissue concentrations are relatively high for DDT and DDE (Kanja et al., 1992; Archibeque-Engle et al., 1997; Blackwood et al., 1998; Stellman et al., 1998) When considering chlordane we investigated individual chlordane residues. Trans-nonachlor represents over half of the total sum of chlordane residues and we show that the information provided from studying total chlordane residues does not adequately reflect the body burdens of all residues. Grouping chlordane residues may mask the effect of cisnonachlor and oxychlordane, underscoring the importance of individual analyses in future studies.
To reduce the number of statistical tests and the potential for chance findings, we investigated major dietary groups. However, if a specific dietary food item is highly contaminated with chlordane, then the effect of this food item may have been diluted by the other dietary items in the same dietary group.
We included 9 models and 15 determinants, equivalent to 135 tests. Thus, we would expect B7 statistically significant results by chance alone. We found 26 significant results in the adjusted analyses; thus, these findings are not attributable to random correlations.
A limitation of this study in relation to some of the pesticides is the relatively high proportion of samples with concentrations below the LOD, including DDT, cis-nonachlor and oxychlordane. It can be argued that the exclusion of these samples in the present study could introduce bias. It has been suggested that retaining all samples below the LOD is a better strategy than simply censoring samples below the LOD (Berthouex, 1993) . In the present study, however, retaining the LOD for all samples below the LOD is problematic because each individual sample LOD depends strongly on the amount of adipose tissue in that particular sample, such that the LOD varied by up to two orders of magnitude between samples below LOD for the same organochlorine. Thus, retaining the LOD for these samples might have biased determinant associations.
Registration of dietary intake at the time of enrolment used in this study may not adequately reflect the previous dietary intake, which may have been relevant for accumulated body burdens of these organochlorine pesticides. This possible misclassification could mask true associations and may in part explain the relatively low R 2 values of some of the regression models. Other explanations for the relatively low R 2 values are predictors not accounted for. For example, it was not possible to assess the predictive effect of household characteristics such as the extent of carpeting and curtains in each household. Carpet, textiles and household dust act as a reservoir for organochlorine pesticides (Colt et al., 2004 (Colt et al., , 2005 Abb et al., 2010; Bra¨uner et al., 2011a) and the direct application of DDT to treat new carpets and textiles for pests was a common practice before its ban (Burgess and Sweetman, 1949) . Thus, the concentrations of DDT and other organochlorine pesticides in carpet and household dust could be a relevant predictor for accumulated body burden in homes decorated with older textile curtains and carpeting.
The concentration of organochlorines in many developing countries is much larger than the concentrations found in our study, due to the fact that many developing countries still utilise these compounds; for example, DDT is still approved for the control of pests carrying the malaria protozoan (WHO, 2007) . Therefore, predictors of exposure to these compounds are probably different in these parts of the world. More research is needed to address this gap and to develop safe alternatives.
Finally, the participants in our study represent older Danish persons with a median age of 56 years and caution should be taken when generalising our results to other populations.
